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Introduction 

The carbonization of coal  is normally car r ied  out under  conditions 
of relatively slow heating, the p r o c e s s  taking many hours .  During the pas t  
decad in te res t  has  a r i s e n  in  f a s t e r  heating r a t e s  
b e d s g ’  circulating heated p e b b l e d ,  and h o t - g a d ‘  carbonization t rea tment  
has  reduced the heating per iods  into the t ime range of seconds o r  l e s s .  
Investigators have r ported in de ta i l  carbonizations in t ime ranges a s  low 
a s  60 r n i l l i s e ~ o n d s ~  Nelson reported the use of f lash heating on coal 
samples  but did not detail  h i s  findingsJ. His technique resulted in one 
to t h r e e  mill iseconds exposure.  
tain fur ther  information on the effect  of f lash-heating on coal using even 
s h o r t e r  exposures.  

Thus,  the use  of fluidized 

The present  work was undertaken t o  ob- 

Experimental  

The flash unit consis ted of a flashiube holder,  four 100pF capaci ta tors ,  
and a 4000V power supply. 
was used. 
shown in Figure 1. 

A GE FT524-Xenon-fil led quartz  helix flashtube 
The f lash unit was  incorporated into a gas-handling sys tem a s  

The duration of f l a s h  i s  a function of the electr ical  c i rcu i t ,  particularly 
the capacitance and the res i s tance  of the flashtube. By definition, the f lash 
duration is considered to be the t ime f r o m  the init ial  1/3-peak power to the 
final 1/3-peak. With a given tube,  the length of the f lash var ies  with the 
capacitance.  
manufacturerJ, Table 1. 

he f lash durat ion was determined f r o m  data supplied by the 
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Flash  Charac te r i s t ics  

Time above 1/3 power, p sec.  
Capacity Max. Min . Input, joule Output, j / s q .  c m . -  ..d 

100pF 230 
200 - 
300 - 
400 800 

195 8 0 0  3.7 
305 1600 7 . 5  
415 2400 11.2 
520 3200 15 

:*The internal surface of the helix i s  62 sq. cm. 

The input energy dissipated in the flash was computed f r o m  the 
formula E = 1/2 CV', where E i s  the energy in joules. C i s  capacitance in  
microfarads ,  and V is voltage in  kilovolts. Thus, the FT524 tube emits 15 
optical joules/sq.  cm. fo r  an energy input of 3200 joules.  
the light energy output i s  considerably l e s s  than the input energy. 
mately 30 percent  of the input energy was radiated into the t e s t  cylinder.  

But, as seen  above, 
Approxi- 

The exper imenta l  sys tem used i s  shown in F igure  1.  Usually 10 
mg. of pulverized coal [ l e s s  than 10 microns  in  s ize)  were  t r a n s f e r r e d  
into the quartz r eac to r  and suspended on the walls by rotating t h e  r eac to r .  
The reac tor  was  then carefully placed into the helix of the flashtube, con- 
nected t o  the manifold. and evacuated. 
level,  the p r e s s u r e  r i s e  was  measured  and a gas  sample was  taken. The 
residual  solids were  sampled o r  weighed when necessa ry .  

Af te r  flashing a t  the des i r ed  energy  

A s  the cha rac t e r i s t i c s  of both the lamp and the quar tz  r e a c t o r  
tended to change with t ime ,  t e s t  s e r i e s  designed to achieve specific goals 
were  run closely together.  

Results 

A s e r i e s  of coals  having increasing volatile m a t t e r  content were  
studied. Thei r  compositions and proximate analysis a r e  shown i n  Table I1 

I 



TABLE I1 

Composition of Coals Used 

Coal Elkol'  
Proximate  Analvsis.  

F e d e r a l  No. l2 Kopperston No. 2' 

, .  
9'0, dry  basis  
Volatile Matter 40. 7 
F ixed  Carbon 54 .6  
Ash (dry! 4.7  

Ultimate Analysis,  
%, dry  basis  
Carbon 70 .6  
Hydrogen 5 . 4  
Sulfur 1 .0  
Nitrogen 1 . 2  
Oxygen 17 .1  
Ash 4 . 7  

37.7 
56.8 

5.5 

78 .4  
4 .9  
1 . 9  
1. 5 
7.8 
5.5 

31.6 
63.9 

4.5 

8 5 . 1  
6.2 
0.7 
1.5 
2.0 
4 . 5  

Colve rz 

25.3 
68.5 

6 . 2  

8 0 . 6  
5 .3  
0 . 8  
1 .5  
5.6 
6.2 

'Kemmere r  Coal Co . ,  F r o n t i e r ,  Wyoming 

'Eas te rn  Gas  and F u e l  Assoc ia t e s ,  Pit tsburgh, Pa. 

The composition of the evolved gases  f rom the last three coals i s  
shown in F igu re  2 through 4. A s  the energy  of the f l a s h  i s  increased ,  the 
gas  composition changes.  Hydrogen inc reases .  the volume percentage of 
C2Hz rema ins  nea r ly  constant,  while the m o r e  sa tura ted  hydrocarbons de-  
c r e a s e .  COz d e c r e a s e s ,  while CO inc reases .  

The gas-composition t r ends  a r e  consistent with increased  cracking 
of the evolved gases  with the higher t empera tu res  assoc ia ted  with the in- 
c r e a s e d  energy. Thus,  t he  m o r e  sa tura ted  ethane and  ethylene a r e  replaced 
by acetylene.  Also ,  methane may  c rack  to  acetylene.  However, the acetylene 
may  decompose to carbon and hydrogen. 

It is of i n t e re s t  to r e l a t e  the product concentration to the volatile 
The younger coals show l e s s  hydrogen and methane in m a t t e r  of t he  coal. 

the product gas.  
t r a t ion  of both of these  g a s e s ,  F igu re  5. 

However,  increas ing  the energy input i nc reases  the,  concen- 
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Tests  were  a l so  run to determine the effect of var ious  a tmospheres  
on the product distribution. 
were  run in vacuum. 
added to se rve  a s  an  a b s o r b e r  for  the high energy believed existent in the 
products.  
when compared with the vacuum runs.  

A s  stated previously,  mos t  of the exper iments  
In a depar ture  f rom this  usual pract ice ,  nitrogen was  

It i s  seen in Table IiI that 10 mm.  of N, had no significant effect, 

Effect of Increased P r e s s u r e  

L O O -  x 325-mesh Elkol par t ic les .  3200 joules input 

Gas 
Composition, mol % 10 m m  N L  Control (vacuum 0.1 mm) 

H2 44 .5  42.4 
CH4 0.9 0.7 
CzH2 20 20.7 
co 24.5 25 * 

The effect of hydrogen in  repress ing  the decomposition reactions 
was investigated next. 
In Table IV that increasing the H2 p res su re  dec reases  the CzHz while in-  
c reas ing  the CHc. 

Two p r e s s u r e  levels were  investigated. It is seen  

This is consistent with inhiblting the reaction. 

2CH4 3 CZHL t 3H2 

Some saruration of the C,H2 could a l s o  have occurred .  Increas ing  the 
p r e s s u r e  increased  the effect. 
because the t e s t s  were  run at different t imes  and The physical conditions 
of the reactor  light e t c .  had ch?nged. 

'Two s e t s  of control runs  are quoted 

TABLE IV 

Effect of Hydrogen 

Elkol 5 - 1  O p ,  3200 jcules energy  input 

Mole 70 (on Hz-f ree  basis)  
Higher p r e s s u r e  comparison Lower p r e s s u r e  comparison -__ 

Gas Composl+ion 160 m m  H, control (0 .1  mm 10 m m  Hz control (0.1 mm 
~ 

vacuum) vacuum) 
~ 

CH, 4.8 0 .8  0.4 0.4 
CiH, 9 . 5  25.0 25 37.8 
co a5  65.5 71 49 
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The effect of s t e a m  on the reaction was studied by adding a d rop  
of w a t e r  to the coal.  As  shown in Table V resu l t s  a r e  s imi l a r  to those 
obtained with Hz. 

TABLE V 

Effect of Water 

Elkol ,  3200 joules energy input 

Gas Composition. 
mol % W ~ t h  HLO Without HzO 

H, 48 59 
CH4 2.6 1 . 0  
CZHZ 8 . 2  14.7 
co 30. 1 2 1 . 4  
C,' s 4 . 9  2.7 

In the above resu l t s ,  a l l  changes were  attr ibuted to variation of 
the energy input. However.  the exposure t ime  var ied  concurrently.  With 
the available se t -up ,  it w a s  not practical  to  v a r y  the electrical  c i rcu i t ry .  
Mechanical screening of the  coal proved mos t  prac t ica l  a s  a means  of 
varying the energy at constant exposure t ime. The technique consisted 
of using a double qua r t z  r eac to r  and interposing th ree  l a y e r s  of 18- x 14- 
mesh m e t a l  s c reen  between t o  cut down the  adsorbed energy without a f -  
fecting the t ime, Table VI. It i s  seen that the screen ,  by reducing the 
impinging energy, reduces cracking reactions.  

E lec t r i ca l  Energy 

Gas Composition, 
input 

TABLE V! 
-_) 

Effect of Energy Variation on Yield -- 
Double Quartz Walls 

Elkol coa l ,  average particle s i z e  5-10p 

With S c r e e n  

3200j 

16 
5 . 5  
4 . 2  

7 . 7  
8 . 9  
2 . 0  
0 . 2  

5 3  

Without Screen 

32003 

~- 

5 9  
1 . 0  

14.7 
2 1 . 5  

0 . 4  
2 . 7  

0 . 7  

W j  thout Screen 

8003 

44 
3 .0  

1 2 . 0  
18 

2 . 3  
6 . 6  
1 
0 . 8  

1 

i 



Mass balances around the r eac to r  show recover ies  of 74 to 110 
percent.  
solid residue was  washed into a Celite f i l ter-aid bed for  weighing. 
of the t e s t s  was  there  any evidence of t a r  formation. 
the amount of gas produced varied randomly, reflecting poor reproducibil i ty 
in  exposing all of the coal to the flash.  
the bottom of the reactor  during handling. 
blown f rom the r eac to r  wall  during the volati le-matter r e l ease .  

The weight of gas  was determined f rom the p r e s s u r e  r i s e .  The 
in none 

As  seen  in Table VII, 

Some of the coal invariably f e l l  to  
Also,  some coal obviously was 

TABLE V1.I 

Coal - 
Elkol 

Mass  Balances 

All runs at  3200 joules energy input 

W t .  Charged, mg. 
10.6 

Elkol (NZ run) 
Elkol (HL run) 
Elkol (H2 run) 
Johns t own 
John s town 
Johns town 
Powhattan 
Powhattan 
Illinois No. 6 
We st  Virginia 
West Virginia 

10.2 
10.4 
11.3 
9.7 

10.7 
10.1 
10.1 
10 .0  
10.4 
10.3 
9.7 

5 .5  
6 .9  
a .  6 

6 .7  

6 .3  
7.6 
a .  8 

6.0 

a .  5 

a.  5 

4. a 

6 .2  
4 .0  

1 .7  

2 .5  
2.9 

1.4 
2.8 
2 .6  

3. a 

1 .8  

2. a 

115 
105 

105 
8 0  

110 
92 

104 
98 
74 

1 oa 

a 9  

Since the distribution of solids and gas  did not give a r ea l i s t i c  
es t imate  of the percentage of coal volatilized, various o ther  techniques 
for  obtaining this p a r a m e t e r  were  investigated,  but none w e r e  successful .  

Microscopic examination of the residues showed the p re sence  of 
carbon-black par t ic les ,  
a s  being the residue of a lmost  completely vaporized coal pa r t i c l e s  o r  the 
final product of a hydrocarbon-cracking sequence. 
therefore  devised to c lar i fy  this point. 

The presence  of these par t ic les  could be in te rpre ted  

A va r i e ty  of t e s t s  were  

1) In o r d e r  to  p re se rve  a s  much of the hydrocarbons a s  posslble.  
an even f a s t e r  quench was  attempted. A special  reactor  v e s s e l  with a central  
cooling thimble was constructed by suspending a small 4-inch t e s t  tube within 
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a l a r g e r  one. The rhimb!e was filled with e i ther  a d r y  ice-acetone mixture  
o r  liquid nitrcgen. 
the  f lash  tube. Black soo'y mater ia l  was found a l l  ove r  the condenser indi- 
cating that gas .phase  decomposition could ha:,re occur red .  ,The thimble was 
lowered until it was finally ccmpletely within the flash zone. 
n i t rogen  was used; the  rhermal  shock shattered the g lass  apparatus.  How- 
eve r ,  the  sooty appez rance  of the condensed par t ic les  pe r s i s t ed .  

At f i r s t ,  the cold thimble was placed above the top of 

When liquid , 

2) Attempts  w e r e  made to distinguish microscopically between 
unrezcted ccal. c h a r  and acefylene 51.ck. 
marer13l made d i r ec t  dec is ion  among *he pcssi5-Ii t ies impossible.  A+!emp!s 
to produce "cry uniformly s ized  coz1 were  essec t ia l ly  unsuccessful.  It was 
finally decided f c  a t tempt  d i r e c t  compa r i s cn  by phctographing specific areas 
of s l ides  before and a f t e r  flashing. The 
A designation indic?tes tha t  the plcrnre wzs  tzken before clashing the €3, 
a f t e r  f l i sh ing .  The g r id  was  superimposed on the  s l ides  during printing 
and s e r k e s  to locate points of Int-resr. i t  can he seen ?hat 12rge clumps 
of coal w e r e  blown rif the sl ide by the flash. For example,  compare F igure  
6A - B a r e a s  7D 2 F .  Some g lass  was blistered a s  in F igu re  61-1, a r r a s  
8D, 9 F .  lmpor+?n* obser..?ticps can be made  in F igure  6A B. ? r e a s  8D 
8E - F. Here  pa r t t c l e s  c a n  be identihad before and a ' t e r  exposure (nore in 
pa r t i cu la r  the par t  c l e  shaped like the s t a t e  of New Jersey in the upper 
cen te r  of 8D).  The p2rt:cIes a r e  essent ia l ly  s i m i l ? r  ' R  sh ipe  befor? znd 
after t h e  flash,  thus indica+ing that complete decomposition 0 1  the coal h a s  
not occu r red .  Obs,iciisly these  ~ 0 3 1 s  were  no? screened frcm the  f lash,  a s  
any  par t ic le  which could be seen  by the camera should 3150 have been e x -  
posed t o  the  flash. 
vaporizat .cn c r  decompcsi t icn of .he coal part:c:es occurred .  
the exact magr- tude c s n r c t  be de'ermrned slnce *\e c c a '  p r * i c : + s  cxp i rd  
during the cok:ng p rocess .  

The fineness of ?he  start ing 

The resu l t s  = re  shcwn in F i g u r e  6.  

The conclusion therefore  must be  that only prtrtial 
Howe-,e-, 

Conclusions 

' F l ? s h  heating i s  a pra.ctics1 technique tc produce shcrt  peric,ds 
of h:.gh tempers?ure i n  coa l  parr.iclss. The pe rc r r i age  c i  cca1 :.cla*il.ized 
could n c t  be  determined,  Sut microscopic examin.?:,c.n sugqesrs !hat tot?] 
vapor iza t icn  did nct. t ake  p l ~ c e .  Nc liquids were recox-ered. hi;.' the gases .  
whet.her produced d i r ec t ly  or indirect!v by cracking.of p recLrso r  Tsrs. 
con:ained many xTa!.c?ble consti tuents.  
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165 

\ 

FIGURE 6A: Before flash Each  scale  division = 2 microns  
Energy  of f lash 3200 joules.  
Elkol,  powdered, then twice elutriated to sepa ra t e  out 
the fines;  average  par t ic le  s ize  about 5 mic rons .  
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FIGURE 6B: Af t e r  f lash  Each  sca le  division = 2 mic rons  
E n e r g y  of flash 3200 jou les .  
E lkol ,  powdered, then twice elutriated to separa te  out 
the  fines;  average par t ic le  size about 5 mic rons .  



167 

C 

Extensive Reduction of Coal by a New Electrochemical Method 

Raymond E. Markby, Heinz W. Sternberg, and Irving Wender 

U. S. Bureau of Miner 
4800 Forbes Avenue, Pi t tsburgh 13, Pennsylvania 

I n  recent  years  e l e c t r o l y t i c  methods have been employed in t h e  reduct ion and s t ruc-  
t u r a l  e lucidat ion of coal  (1, 2). The usefulness  of these nethods is l imited by 
the f a c t  that the benzene ring (that is, the  i so la ted  benzene r ing  a s  in benzene or 
t e t r a l i n )  which may represent  a l a r g e  port ion of the coa l  r t r u c t u r e ,  has  not  
previously been reduced e l e c t r o l y t i c a l l y .  Work in t h i s  laboratory has  shom tha t  
reduction of benzene can be achieved by e l e c t r o l y s i s  i n  ethylenediamine saturated 
with l i thium chlor ide (3). 
the reduction of a high rank coa l  and has resu l ted  in the  addi t ion  of 36 hydrogens 
per 100 carbon atoms. 
t h i s  amounted t o  the addi t ion  of 14 hydrogens. 

The same method has now been successful ly  appl ied to  

The beet electrochemical reduction achieved (2) p r i o r  to  

EXPERIMENTAL 

Six grams of the coa l  (Pocahontas v i t r a i n  ground t o  pass 325 mesh) suspended in 
100 m i l l i l i t e r s  of ethylenediamine containing 1.4 grama of l i th ium chlor ide  vas 
e lectrolyzed a t  33' between carbon electrodes a t  0.5 amperes and 115 v o l t s .  
Apparatus and technique of e l e c t r o l y s i s  (3) and recovery of the reduced coal (4) 
were the same as described previously. 
e l e c t r o l y s i s  war 46 percent and dropped to 1 0  percent a f t e r  16 hours. The elec-  
t r o l y s i s  was continued for an addi t iona l  15 hours during which t h e  t h e  cur ren t  
e f f ic iency  remained p r a c t i c a l l y  constant .  
solut ion,  analyzed and subjected t o  a second e l e c t r o l y t i c  reduction. 
e f f ic iency  a t  the beginning of the second e l e c t r o l y t i c  reduction was 20 percent 
and dropped t o  8 percent a f t e r  16 hours. The e l e c t r o l y t i s  was continued f o r  15 
hours during which time the  cur ren t  e f f ic iency  remained at  8 percent. Recovery 
of the reduced coal  was 95 percent. The reduced coal  was tan-gray i n  co lor  and 
73 percent soluble in pyridine; the  s o l u b i l i t y  of the unreduced coal was only 3 
percent. 
The r a t i o  of t o t a l  hydrogen taken up by the  coa l  t o  l i thium chlor ide  ured was 
about 2 : l .  

Current e f f ic iency  a t  the beginning of t h e  

The reduced coa l  war recovered from the 
The current  

The analyses of the  o r i g i n a l  and reduced samples are shown in Table 1. 

DISCUSSION 

Perhaps the mort i n t e r e s t i n g  r e s u l t  is the  f a c t  t h a t  the  s o l u b i l i t y  of the 
e l e c t r o l y t i c a l l y  reduced coa l  in pyridine a t  room temperature (73 percent)  is 
higher  than t h a t  of the same coal  reduced chemically (4) with excess l i thium in 
ethylenediamine a t  90-looo. In the  latter case,  45 hydrogens were added but the 
s o l u b i l i t y  was only 63 percent. It i e  conceivable t h a t  chemical reduct ion a t  
elevated temperature, in c o n t r a s t  t o  e l e c t r o l y t i c  reduction a t  room temperature, 
is accompanied by polymerization r e s u l t i n g  i n  a decreare i n  s o l u b i l i t y .  
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TABU 1. - Electrochemical reduction of Pocahontas v i t r a i n  

a atoms addeda 
per 100 C atoms in 

Substance C H N S Ash s t a r t i n E  material  

Original  v i t r a i n  87.94 4 .53  1.12 1.01 3.10 
88.09 4.58 1.15 0.97 2.98 

81.77 6.15 3.29 1.21 3.76 
F i r s t  reduct ion 81.82 6.29 2.93 1.12 3.97 21.1 

Second reduct ion 80.81 7.21 3 .82  0.31 3.85 36.1 
80.73 7.19 3.80 0.51 3.21 

a Xethod of ca lcu la t ion  as described in reference 4. 

J 



Destruction of the  Caking Quality of Bituminous 
C o a l  i n  a Fixed Bed 

S. J. Gasior, A. J. Forney, and J. H. Field 

U. S .  Bureau of Mines, 4800 Forbes Avenue 
Pittsburgn 13, Pennsylvania 

IITLTODUCTION 

Use of theimal preti-eatment i n  an oxidizinz at~nos$ei-e for t r ea t in s  a 
l i i a l y  caking c o d  of si-znu1s.r or man lump .size i n  a. fixed bed presented. 
d i f f i c u l t  yroblenc. To rake pa!.’ticles of this size nonagglmeratine, tile 
treatment wou3.d have t o  he dras t ic  er,ou:$i not only t o  a f f ec t  the surface, but 
a l so  the in te r ior .  i?artlieifnore, because the coal expends on heatinL;, c m -  
p c t i o n  i n  a fi::ec? bed would be d i f f i cu l t  t o  avoid. 

Therefore , the purpose of t h i s  invectization ins first to. deternine 
vrhether the caking properties. could be destroyed suff ic ient l j r ,  i n  a fixed bed, 
and secondly t o  detennine the conditions reqGirLng the minimuin time an& 
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effect ins  the n i n h m  loss of coal.  
vould be tht the petreatment  could be cor.izleted rrithout n ~ : l a ~ e ~ n t i o n ,  ZE?. 

tha t  aftei' pretreatment. the coal vou.16. not a@oE?erate i n  a h;r;rc?l-o;;en-rS.cli 
c.",nospliej-e at  conditions of temperature an$- pressur<. similar t o  those iil 2. 

f?.::ed-bed gasti ' ier. 

The c r i te r ion  of success3.l 2:etreaf,it.n$ 

Xl"aIIEFFAL SQUP?:ZlJT AfD) I Z O C E D W  

Ikscript?on of Asparatus 

%e scher:ntic I lo l ; r  diiizz-aa of the ililot plant for coel pi-e%-eatrzent given 
3.n f i p x e  1 consists prinari1;r of a gas heater end c: vessel ~ I I  -&ich the coal 
Cali be heated ani exposed to various z.tEosphei-es at controlled rates .  
vessel i s  e. 21--Toot l o x ,  3-1/2-incii. d ia ixter  sciiefiule 30 2 2 ~ ~  nzde  fro^ 247 
stainless  s tee l .  it i s  s h o m  i n  ii;ure 2 .  A ring joint ,  blind Tknze serwd 
as a. cimrge port  2nd. c l o x r e  ai; the toy or the vessel. T?le bed of coal ? ~ . s  
sRi.-qorkec? by 8 Fei'rornCec? s ta lnless  steel plate  located 2 inches sbo-?e the 
bo-tta:i cT the vessel  as shorm in  f i i a r e  3.  Eurin: 311 2Tetreetnent tests 
tile coal ':TIS a l i r q r ;  heated exteimalk bj e l e c t r l i  iieatei-r. ann'. inte-nalw by 
the greLrcet,!ns 2s.s. 
locates in  an electz-ic fi.v.j:nace. 

31e 

The cas m s  hen.ts3. by ;,.zssing it tlirou2i a coiled tube 



3.  Coal vas heated throuoi i t s  plas.tic ranse in  about 1/2 t o  1 ILOUL. 
ifith a superficial . l ineai* sas velocity that -mried from 0.6 t o  12  :?ect gel-' 
second, depending upon the pressure and the oxygen content of <he ine:-t 
gas. An aclditinnal 33 percent 03 the volat i le  na t te r  T,BS renoved, lxi~:'.?;; 
about 50 percent of the original volat i les  i n  the pre'zeated., C h a i ' .  

As an alteiGi;e t o  steps 2 and 3 ,  the coal could be ejfec'ci-rely pre- 
treated by gradually IieatLng thi-oV.& i t s  plast ic  rmge in  a3ou'c 3 hocrs. 
I? ~retreetment  :;as considered successi"u1 a f t e r  tile coal vas heated through 
i ts  p las t ic  range irit2iou.t e~ lcnnera t ion  i n  a fi::ed be&. 
floved es freely as the  original coal. 

. 

The char so pi.oduced 

Testing of Chars and Coals 

A n  arbi t rary t e s t  vas devised in  vhich chars p-ocluced bj pretreatment 
were exposed i n  e fixed bed t o  hydrogen or  hydrosen-rich atmospheres f o r  1 
hour 2 t  400 psig and 6000 C. 
s t e m ,  carbon dioxide, and carbon monoxide. 
positions and conditions -Aich trov.ld be found in  a coal  gas i f ie r .  
p-oduced from coals heated tlirocgh t h e i r  plast ic  range without caking in  a 
fixed. bed never c&ed during these tes t s ,  indicatinz a strong probabili ty that 
a char so .produced voulC not cake i n  an ac tua l  Gasifier. Coals not heated 
through the i r  p,last:ic range invariably caked during the hydrogen test. 

Die hydrogen-rich a'mocpheres contained nigrogen, 
These tests simulated gas c m -  

Chars 

Free svellint: incle:: (FSI) AS'D.1 T e s t  D-720-57 values of about 1 . 5  or less ,  
vliich i s  usually inclicative of a noncaking coal, irere recorded for  a l l  chars 
made frm coals pretrezted t h r o u a  the i r  p las t ic  range. Chars v i t h  &E1 I ~. 
values were used as a s i d e  in estimating the caking property of chars produced 
d u r i w  pretreat?;:en:. Die ul'cjmiite and. proximte analyses of coals tested an@ 
chars produced vere performed accordin& t o  ASTN procedure 11-271-48. 

Later ia l  

Ei!&-volatile A bituminous (hvcb) coal from t i e  Pittsburgh seam,, one of 
the inost stron&: caking c o d s ,  vas used in most of the pretreatsent t e s t s .  
H-mb cw-ls fron Sei;i.cl;l?y, Uppr EeeTort,  elid 'I3,ggax-t seams, in  zddition 
t o  a high-volati le (hvbb) coal frola the I l l i n o i s  210. 6 seaxi an2 8 low- 
volat.ile 'Oita.ilnow (lvb) coal from t l ~  ?ocahontas No. 4 seam, were a l so  ' 
tec'eG. an6 successi%ully pretree";ed. 
teb1.e 1. 

4.mTyses of coels  tes ted a r e  sho7:m i i ~  

l'asum 
exrnp1-e &escribing e su.ccesoi%l yretrea'uzent Is as folloi.1s : A 

Pittsburgh s e m  coel  x i s  heated vi31 steax, a t  atmos$ieric gressure ,, con- 
taining about 1 p r c e n t  oxygen and flovj.nC a t  a sugerfic.ia.1 velocity -of' 
3 fee t  - p e r  second, t o  i t s  i n i t i a l  softenin2 teqeerature of ;6n0-3:oo c on$ 
main"&ined OL tha-t tempratui-e for 3 houi-s. It 1.5s then heated through !-ts 
plas t ic  range of 379" t o  430" C in  about 1/2 hour v i th  the sane sas at the 
same velocity and pi-essuze . The treatment x i s  t e n i n a t e ?  1~5th nitrosen 
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cooling the char t o  less than 100" C i n  about 1/2 hour. 
taining nitrogen and carbon dioxide was a lso  used t o  cool the pretreated coal 
during other t e s t s .  
of noncaking coal. 
or iginal  volume. 

An iner t  gas con- 

A Tree flowing char was produced with a FSI indicative 
The t reated coal expanded about 50 percent ebove i t s  

Heating coal with this sane ms through i t s  p las t ic  range in  3 hours 
a lso produced free floving char. Replacing steam with nitrogen or nitrogen 
plus carbon dioxide or a cumbination of a l l  three s s e s  2lus a sinall cmount 
of oxygen destroyed the cakinz property ol" coal i n  a fixed bed as ef?ec t iveQ 
as the Steam-oxyLen nixture . 

Heating coalJ as  describet previousl3., 15th a gas conteinint: 0.2 Brcent  
oxysen plus 11 t o  40 percent hydjrogen an& the remainder nitrogen, cai-bon 
dioxide, and steam produced a so l id  mass of char with no evidence o f  pre- 
treatment. 
composition t o  3 gas produced i n  a coal  gas i f ie r .  

This vas an attempt t o  pretreat  coal  with a gas similar i n  

The pretreatment technique developed i n  a 6-inch bed depth a t  abospheric 
pressure with gas flowing up through the bed a l so  proved effective in an 
18-inch bed depth with the gas flowing up or down. 
during the t e s t s  irith the gas flowing down; however, the char produced vas 
free flowing and showed no evidence of fusion. 

The bed expanded less 

Pretreatment at pressures of 50, 150, and 300 psig in a 6-inch bed depth 
also was effective.  
less expansion than that  made a t  atmospheric pressure. 

Char produced a t  elevated pressures normally exhibited 

The caking quality of hvab coal from the Setriclrley, Upper Freeport, and 
Tzgga1.t seams was as effectively destroyed as the Pittsburgh seam coal.  OE 

. the f%;. hvab coals tested, P i t t sMr@ n?d. V g p r  Freeyort seam i-equirec. 2.bmi.t 
1% minutes of treatment et 360° t o  430' C as compred t o  about lm and. 200 
minutes, renpecti-,ely, for the Tagp.rt an2 Sewic!;lcy seams. ki-e volat:i.le 
matter of a l l  hvzb cor.lc 6ecrenseil du;*iny 2reti.e' 
p r c e n t .  Fretreatmnt o f  t?ie hvbh ca?.l ~'TOI;I the IlLinoi:: ?Io. 5 s e w  :.:it11 8, 
iii$ i:Piei-ent r,ioistu;.e coctent of 3bbov.t 8 i ~ x c n ? ,  X E S  z-cht i i ie ly  emj-, 
requirinz only 80 r.i?.iiiltec a t  ;SO0 t o  430" C .  
(lvb) coal from the Focs.hontas No. 11 semi contc5nini; ?Jmnt 15  Zel-cent volatile 

matter vms successi'v.lly p e t r e e t e d  et its 2Lq.stj.c rm:? of J:7oo t o  5100 c i n  
about 2 hOUi-6 vitli s t e m  plus o:rj.tJen. ?lie vo3, t i le  matter content decreased. 
f rm 15 t o  9 percent durins pretreatnent. 
these coals &win& Q,-i~iczl 21-eti-eatmen: are eho:m in  table 2. 

en?. 2 i - o ~  2,3otlt 3 5  t o  30 

P. lm-vola t i le  bitLg.li:lol:s 

!ndyses of c!:firs p-odnzec'. rrs:i 

9-qansion of  coal cu;-ing' pretreatmiit  vas relat.e< t.0 gas velocity a n d  
pressure. ILJV velocit ies o r  liidi preoswes pi'o&lced less  expns5oii. cw& 
r r i t h  h i d l  volat i le  r a t t e r  content ap-petarecl. t o  er:imxl more. 
appeared more d i f f i c u l t  for hvab coals i 5 t h  a l o~r  o;ygen content. 

Pre';reo.t.~-;eiit 

Pretreatment a t  -6 veloci t ies  zpprmcliiix f luidizat ion veloci t ies  of 
about 13 feet  per second appeared easier  and required. about 2 Jioui-s a t  360" 
t o  430" C as conpared t o  3 hours at a velocity or 3 f e e t  per second. 
gas velocit ies,  the oxygen concentrations i n  the pretreating gas were m r i e a  

A t  high 

i 

I 
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TASIE 2.- Analpis, iYee s v e l l i q  index an< 3ee3Ciw -.slue of ch2.r: ~rrlc.c.:d 
during pretreatment vith steam containing 1 to 3 
volume percent oxygen a: akwspheric pressure 

- - ~  - P=- Proximate, percent Ultimate,  percent 
pared f r a n  Volatile Fixed 

m i n o i s  #6 0.7 23.3 66.4 9.6 4.3 75.2 1.9 8.1 0.9 
Pittsburgh .3 20.9 71.9 6.9 4.1 78.9 1.7 7.4 1.0 
Upper Freeport .5 22.6 66.8 10.1 4.2 76.0 1.7 6.6 1.4 

.2 23.1 73.2 3.5 4.4 83.6 1.6 6.3 0.6 

Sewickley .6 22.1 62.9 14.4 4.0 71.8 1.6 6.4 1.8 

bed Moisture matter carbon Ash H C H 0 S 

Pocahontas #4 .8 8.9 81.8 8.5 3.1 82.8 1.3 3.8 .5 

Char pre- 
pared from 

Illinois #5 
Pittsburgh 
Upper Freeport 
TW3ar-t 
Pocahontas #4 
Sewickley 

Heating 
value, Btu 

(d ry  basis) 

13,220 
13,560 
13,300 
14,560 
13 830 
12,460 

Free 
swelling 

i l l d e X  

Ncg 
Nc 
1.0 
1-5 
Nc 
1.5 

Maximum 
pretreatment 

temp., OC 

- 
r/ Nc = Noncaking. 
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from 0.5 t o  4.0 percent with good results,  whereas a t  gas veloc i t ies  of 3.0 
f ee t  per second, oxygen content was limited t o  a range of about 1.0 t o  3.0 
percent. Iaw oxygen concentration in the gas is desirable because it allows 
for cloee control of.* temperature. In t e s t s  Kith oxygen concentrations , , 

above 5 percent, temperature control was d i f f i cu l t  because of excessive 
localized canbustion. 

Figure 5 shows a typical raw coal used plus a char from a successful 
pretreatment, and the same char a f t e r  exposing it t o  a hydrogen f l o w  at  400 
psig and 600" C for 1 hour in a fixed bed. There was no evidence of fusion 
and the char f la red  as f ree ly  as r a w  coal. All chars produced during success- 
ful pretreatment and subjected to  th i s  test did not fuse, or show any evidence 
of fusion. 

Char produced in the manner described from a Pittsburgh seam coal was 
successfully gasified in a bench-scale, fixed-bed reactor w i t h  steam at  
8ooo c and atmospheric pressure a t  the m a u  of ~ i n e s  coal Research Center 
in Morgantam, W. Va. There was no evidence of caking during gasification, 
and the results indicate that the char is quite reactive. 
coals agglomerated in similar t e s t s .  

Even m i l d l y  caking 

Tests performed by the Direct Coal-Conversion group a t  the Bureau of 
Mines Coal Research Center in Bruceton, Pa., i n  bench-scale equipnent shuw 
that the sane char as above could be hydrogenated a t  3,000 psig and 750" C 
i n  free-fall ing bed without agglormerating. 
30 x 50 U S .  Qler mesh size for the hydrogenation tests. 

The char was crushed to a 

DLSCUSSION OF RESUUCS 

Results f r o m  tests performed a t  conditions other than those outlined in  
the procedure for successful pretreatment indicate the need for close adherence 
t o  the procedure. 
heated directly through their p las t ic  range w i t h  i ne r t  gas in  a fixed bed 
fused in to  a so l id  mass as shown in figure 6. Coal par t ic les  heated slowly 
through the i r  p las t ic  range w i t h  a gas containing U t o  40 percent hydrogen 
plus 0.2 percent oxygen and the remainder nitrogen, carbon dioxide, and steam, 
a lso  fused into a solid mass similar t o  the one shown in figure 6 .  
was an attempt t o  pretreat  coal with a gas which was similar i n  composition 
t o  a gas produced in a coal gasifier.  

gas plus oxygen for 3 t o  8 hours, and not heated through the p l a s t i c  range, 
a l so  fused upon subsequent exposure t o  hydrogen a t  400 psig and 600" C; 
however, as shown in figure 7, there was some evidence of Pretreatment since 
discrete coal-char par t ic les  were discernible in the fused mass. 

Several of these tests are described: Coal par t ic les  

'Ibis t e s t  

Coal heated a t  its softening temperature of 360" t o  370" C with inert 

mwstigatorskJhve shown that oxygen was necessary for the reduction 
or destruction of the caking quality of coal in fluidized or moving fixed 
beds; however, evidence of cmplete and relatively rapid destruction of the 
caking property of coal i n  a stationary fixed bed was lacking. 
the techniques as previously described were developed using small mounts of 
oxygen and a controlled heating cycle t o  destroy the caking qua l i ty  of cos1 

Consequently, 
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i n  a fixed bed. 
property of coal  in a fixed bed is not precisely known. 
theorized that the "sticky" matter which is mnnaUy formed when coal is 
heated through its softening and plas t ic  range is oxidized t o  a "nonsticky" 
material. 

The role that oxygen plays i n  helping to destroy the caking 
However, it is  

The apparent differences i n  pretrea-nt tlme fo r  

oxygen content of the coal. On the other hand, is Schmid gene-2p*nt reports that OP a the lvb 
coal wia a law axygen content was also r e l a t ive ly  sensit ive to oxidation. 
!I!hls appears to confirm am finaing6 since the hvbb coal frua tbe I l l i no i s  
610. 6 seam, having the highest oxygen content of about 9.0 percent, required 
a mlnjmum pretreatment t h e  of about 80 minutes. A pretreatapent time of 
about 120 minutes was required ror  the lvb  coal from the Pocahontas No. 4 
ieam, which contained about 2.4 percent oxygen. 

Pretreatment time for the hvab coale generally was re la ted  t o  the oxygen 

coa l  tested can 
also be attributed to oxidation. According t o  Ekhacher- Y the rate of 
oxidstion; that is, lithe mte o r  d e c w i i ,  

content. The Pittsburgh and Upper Freeport coals, having an oxygen content 
of about 7.0 percent, required about 180 m i n u t e s  of pretreatment, followed 
by abdut 19 minutes for the !bggaPt seam and 200 minutes for the Sewickley 
seam. Both llaggart and Sewlckley seams had a slightly lower oxygen content 
of about 6.0 percent. The s l igh t  difference in  pretreatment time for these 
two coals could be a t t r ibu ted  t o  the  differences in  vola t i le  matter content, 
since the Taggmt seam had a vola t i le  matter content of about 35 p r c e n t  
compared to  42 percent for the Sewickley seam. 

Chars produced frau hvab and hvbb coals containing a vola t i le  matter 
content of 20 percent or less always bad a FSI indicative of a noncaking coal. 
On the other hand, even a f t e r  it was heated at temperetures that destroyed 
the caking quality of hvab coals, a lvb coal with a vola t i le  matter content 
of about 16 percent maintained a FSI of about 5.0 that is indicative of a good 
caking coal. This would indicate that the  cakin;: quali ty of a coal  o r  char 
was not d i rec t ly  dependent upon the quantity of vo la t i le  matter it contained. 

'Po get an insight in to  w h a t  was occurring to the vola t i le  matter content 
and FSI of a coal during pretreatment, a ser ies  of tests was performed a t  
d i f fe ren t  maximum temperatures. Each t e s t  of the ser ies  was performed with 
a 6OO-gram batch of Pittsburgh seam coal t rea ted  with steam plus 1 percenr, 
owgen at atmospheric pressure at a gas velocity of 3 fee t  per second. Each 
batch was heated d i rec t ly  to  360" C in 25 m i n u t e s .  After reaching 360" C, 
each i n d i r i d u a l  batch of coal was heated t o  a desigaated temperature at 
loo C intervals fian 360" to  430" C. 
per 25 minutes. Each test was concluded by rapid cooling ~ 5 t h  nitrogen as 
previa~ely described. 

The coal was heated a t  a rate of 10' C 

+lysis of chsr taken at 10" C intervals during the gradual heating of 
a Pittsburgh seam coal  through its p las t ic  range indicates l i t t l e  change in 
thc FSI from 360" t o  400" C. Heating t o  410°, 420°, and 430" C effected a 

AB shown i n  figure 8, the vo la t i l e  matter content of the coal rapidly 
=pia decline in the FSI of the coal-- t o  4.5, 2.5,  snd 1.5, respectively. 
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decreased, following the sane pattern as the FSI for  every loo C increase 
above 4W0 C .  Each loo C increase was accompnied by an increase i n  pre- 
treatntent time of 25 minutes; thus devoht i l iza t ion  was a function of both 
temperature and time. 

The pretreatment technique developed offers  p r a i s e ,  f r m  an econmic 

The pretreatment can be performed 
standpoint, as par t  of an integrated coal pretreatment and high pressure 
steam-oxygen-coal gasification process. 
a t  gasification pressure and part  or a l l  of the steam and a s m a l l  part of the 
o-yygen fed t o  the gasif ier  can be used as i n  the pretreatment. 
the gases and tars produced i n  pretreatment can be fed direct ly  t o  the 
gasif ier  a s  bel, 
eff luent  or off-gas problem fi.m the ?retreater.  It is a l so  conceivable 
that the pretreater  vessels could serve as feed lock-hoppers for  the pressuy 
gasif iers ,  thus decreasirq the net capi ta l  investment of the pretreatment. 

Furthermore, 

Not only would t h i s  conserve energy, it would solve the 

CONC UJS IONS 

A p i l o t  plant study has sliom that the caking pro,wrty of a bitminous 
coal can be eliminated by pretreatment in  a fixed bed. 
of hvab, hvbb, and lvb coals ims destroyed e i ther  by prolonged heating at 
the softening tenyerature follorred by rapid henting through the plast ic  range 

' w i t h  an iner t  gas containing a smll  mount of oxygen or by rapid i n i t i a l  
heating folloved by prolowed heating t h o u @  the p las t ic  range. 

The caking quality 

There was some variation i n  the conditions required ror t rea t ing  each 
coal, but generally hvab coals required'about 180 minutes o f  pretreatment 
as conpared t o  about 80 ninutes for  the hvbb coals. 
not cake when exposed t o  a hydrogen atmosphere at 600" C and 400 p i g ,  
lndicating t h e i r  su i tab i l i ty  for use in  fixed-bed gasification. The FSI 
served as a mide to indicate that the coal vas no longer ngglomerating. 
For most chars there m s  no aclameratlon when the FSI declined t o  about 
1.5 or larer. 

The chars produced did 

1. 

2 .  

3. 

4. 

5. 

6. 

7. 
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P,e,reoler'~~erm~re~~r 

Figure 3-Cross-seclionol view 01 the cool prelreoler vessel 

Figure 4. A view of the control p a n e l  f o r  the coal pretreating p i l o t  plant .  



RAW COAL H2 EX~POSED CHAR PRETREATED CHAR 

Figure 5. Raw coal used plus char from a typical pretreatment a t  430 C 
and the same char exposed t o  hydrogen for  1 hour a t  600 C and 
400 psig. 

Figure 6. Solid mass of char made from coal w i t h  no pretreatment. 
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Figure 7. Mass of  char containing discrete coal-char particles made 
from coal v i th  some pretreatment. 

I ' I  I 

a 
J 
0 > 

X 
W 
n 
z 

m B 
5 z 

-1 

Free swelling index 

4-4-63 L-8018 

Figure 8 -Effect of lemperoture and pretreatment time on the free 
swelling index and volalile matter content of  o 
Pittsburgh seom cool 
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The Destruction of the Cakin, Yrogertirs of Coal 
By PreCreatment i n  il Fluidized Bed 

A. J. Forney, R.  F. Kenny, S .  J. Gasior,  ?.nd J. H .  Fielci 

U. S .  Bureau of Mines, SSOO Forbes iivenue, 
Pittsburgh .13, 1;ennsylnnie 

r n \ O 9 U C T  I O N  

k s i f i c a t i o n  of c o a l  t o  make it synthesis gas that can be converted 
t o  f l u i d  fuels is  a means of surplementing the country's  l i qu id  and gaseous 
Iue l  supplies while a t  t he  same t h e  increasins the mmket Tor coal.  ;. 
1zrt;c aarket ;or these f u e l s  ex i s t s  n e a  the ees te rn  coel-fields,  but,  
unfortunacely, -astern cos ls  do not :nndl.b y i e l C  to yas l f i cz t io r  i n  
cmiiercial  I":..rcd.-bed xid fluidized-bed ;~.s:f'iers. The:. becme p la s t i c  
2nd a.gi;loncrate .,rh?ii hea-Le8 tc the ~cisi?l.cztisa tenserstuye , -Uis 
EeiTioZb5lit;i of 2i?e bed >,G gas I:: redu?ci, and. objectionable Gclnimel.i:i; 
occurs ,  !ik Dureac .?f idi.nec. is - h v e c t l & s t i n g  rnethoGs oP '"-"ec-. uLea.binc 
~03.1:: to destroy ?,\r?!-r 2:Ll;iiX 2roper';iec In s;.&r 
obstacles .;3 ~,ac-L?k~ti .3:1.  The u l t i n x k  c5jecti-I:: 
cos t  yzoceaz.  T'he i i rs t  p h s e  of t.hc -.m:*:: :sni;isted of pret-.cz+aei?t 
s'iud:Les i n  a f lu id ized  ';e6 using vezious f l u i d i z i n ~ ;  geses snd qxratix 
conditi.onc . 'file sti.ili?ies :rere conducted ;rith strongly caking coals,  
t yp ica i  of those i n  the East.  The r e su l t s  of the study and the o p r a t i r 4  
requirements necessary t o  destroy the caking p r o p r t i e s  of the selec'ted 
coals a r e  reported. 

Other research has been done on methods t o  destroy the :&king 
properties of these coa ls .  
make a char f o r  hydrogasification. 
using a steam feed of 4-5 standard cubic f e e t  perpound bituminous coal.  
The time of treatment vas 60-75 minutes. 
process f o r  p re t rea t ing  coal a t  a temperature of 316O t o  4 4 1 O  c, re- 
quiring 10-60 minutes and using 0.02-0.08 pound of oxygen per 
c o a l  feed. Char vas recycled for temperature control.  mrl?&:Zated 
bituminous coa l  to  less thax 400" C with a gas containing oxygen. 

Chanabasappa and Lindenf/pretreated coa l  t o  
They operated a t  400" t o  700" F 

Nathar&patented a f lu id ized  

Sylvanderfi/also preheate coal,  t o  a telnpersture belov the p l a s t i c  m n g  , 
operated a f lu id ized  carbonizer, 'tile f i r s t  stage using oxygen. 

a t  tenperatures xLlihLn the p l a s t i c  range of the coal (725" t o  825" F) .  
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Recyq e char from the second stage is added t o  the Teed ii> <lie rirst. 
Focdcarhonized coal i n  a three-stage syskm.  He drieci aid pre!ie:-teC. 
coa l  t o  570" t o  750" F i n  the f irst  stage using gases resu l t ink  f rm 
partial combustion of pyrolysis gases from the second s tase .  ?he yru-  
heated coal i n  tne  second stage is ccrbonized using preheated a i r .  "he 
chai- is cooled i n  the th i rd  stage. 

\.then a caking coa l  i s  heated it becomes viscous and p l a s t i c  a t  a -  
Eiven t e q e r a t u r e  range that is  charac te r i s t ic  of the coal.  This property 
makes caking coals nonusable i n  fluidized-bed and fixed-bed gas i f i e r s  
because tile coa l  s t icks  t o  the walls and the pa r t i c l e s  agglamerate. The 
Bureau inves Ligated a canbined thermal 2nd mild oxidation treatment t o  
destroy in  a fluidized bed the caking properties of t j j i c a l  coals found i n  
tine eastern Unite6 S ta tes .  
successful It is not known def in i te ly  why the  pretreatment makes ' h e  coal 
nonaggloneratin&. 
surface of .the par t ic les ,  because the resu l tan t  char contains less oxygen 
than the o r ig ina l  coal.  (See table 1.) Rapid thermosetting of the l iqu id  
phase as It foivls may be an  explanation, bu t  this needs t o  be confirmed by 
e x p e r h e n - h l  s tud ies  tha t  a r e  beyond .the objectives of the investigation; 

Although the method described i n  t h i s  pager .;,as 

It camiot be a t t r ibu ted  en t i r e ly  t o  oxidation of the 

variable study was made t o  determine operable conditions fo r  pre- 
t r ea t ing  the coal Lo a nonagglamerating state i n  the minimum time i r i t h  the 
iecst loss  of valuable components. 

APPAI1pTUS RND EXPCRlMENTATIOIJ 

I, flovshePt of tLc bench-scale un i t  is shown i n  f igure  1 and a photo- 
graph of the un i t  i s  shown ia figure 2.  The reactor is  a 1-inch diameter 
s ' a in less  steel tube vith an  e f fec t ive  length of 18 inches. 
by e l ec t r i c  heaters capable of heating ;;he reactor 'LO c)oOo C .  Thermocouples 
a re  inserted both from the b o t t m  snd the tog of the reac tor .  The usual 
method of operation i s  t o  'neat the reactor rihile s e t t i ng  the proper gas 
velocily t o  give f lu id iza t ion .  This -relocity m s  determined by experi- 
nentatlon iii a glass tu'& a t  atmospheric terq-erature and pressure and then 
vas corrected fo r  the operational conditions. 
Is,reached, the coal is charGed t o  the  reactor. The gases a re  collected 
z l ter  leaving t h e  :eactor and p s s i n g  through a condenser and f l a sk  t o  
remove the tars. Vhen ine r t  gas is  used fo r  t r ea t ing  -&e coal,  the e x i t  
gas is  not collected because the g8.s oriyinatiny from the coa l  i s  too 
hi@l,y dilute& by Ae. iileri; gzs t o  ZLve s igni f icant  r e su l t s .  

It is surrounded 

After the desired temperature 

Different conditions of o1:eratixi ',=re tr-ied i n  the de-relopen-t of 
khe pyo-ess. 'Thc i ? ~ l l c ~ i i i g  fluiclizin; gases '::ere used: 
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Steam 
Steam plus a i r  
Iner t  gas ( N p  + GO2 + 0.1-1.0 percent 02) 
Nitrogen (contains 0.1-0.3 percent 02) 
f i e p u r i f i e d  nitrogen (essent ia l ly  02-free) 
Helium (essent ia l ly  02-free).  

Heat was t ransferred t o  the  coal  through :he reactor w a l l  (gas entering 
cold) and f rm the preheated gas (reactor m l l  maintained at  the same 
tenperature as the bed). 

Pit tsburgh seam c c e l  f r m  the Bruceton mine m s  used p r i n c i p l l y ,  
but  Pocahontas, I l l i n o i s ,  Seirickley, and Taggart coals a i s 3  rere t reated.  
!%e rank and a n d y s e s  of tl~e coals are slioim i n  tab le  1. 
indices of these coals range from 11.5 t o  8.5. mic Tree swelling index is  
indicative of the caking q u l i t i e s  of :he coals. If the i d e x  is reduced 
belov 2 by p,retreatment, -the i-esidue is u s u a l l j  noncakinL;. 

.To supplement the indicated resu l t s  frm the free svell ing iide::, 
another t e s t  was dev-ised t o  ver i fy  that t h e  char vas nomgglamern-linc,.~I/i3- 
sample of the char ~ m s  placed i n  8. c e r w i c  boat an& the boat placed i n  3. 

quertz tube in an e l e c t r i c  flunace.  The char vas heated t o  600c C while 
pure hydrogen V'BS passed through' the tube. 
i f  a f t e r  bydzogen trea';nent it flowed f reely out of ?ne b6at.  Later, t o  
t e s t  it more s e v e r e u ,  the char ~ W S  exposed t o  hydrogen at 900' C .  Usu2ll.y 
i f  the f ree  sirelling index tias l e s s  than 2, the 12\'dro&e:i . tes t  ilidiceted 
noncaliin(: elso.  

The free srrelling 

Tue char ira? considered noncalring 

Because t h i s  p;-etreatncnt pi-occss was developd. p5.ua-ily t o  xikc a. 
nom,g&meratlcg fiiel foi- a s s i f i c a t i o n  process, th- h;;i.rogcc - k s L  i s  nom 
pert inent  than the fyee s;ieil ing index t e s t .  As tilt char is fed into the 
gas i f ica t ion  u n i t ,  it w i l l  corne i n  coztact :i?.tk hot l~i.i;i,r;cr.-conB?.inS~~ Sro- 
duct p s e s  OI the p.sLfie:-, z condi t icn sinn?L?tec'. bd- t h s  li,-d:-o_;cn t c ~ t  e-i; 
GOO0 or 300' c .  

DISCUSSICN OF i3SULZS 

mitiell;. Pit tsburgh Sean coal,  1C-ih nesh, TWS used rritn incz-t 3 , s  
o r  nitrogen as the t r e a t i n g  gas. 
atxnospheqic pressure was about 2.5 f e e t  p r  second, and the expansion of 
the bed was about 100 percent.  
p a r t i c l e s  expanded 100 percent or  greater  a t  temperatures of 400" t o  450" C .  
Because.of the expansion of the t reated p a r t i c l e s  and the fluidized bed, the 
s ize  of the.charge was l imited t o  35 grams (60 cc) .  
of coal was heated indirectly by t ransfer  through the reactor  w a l l ,  the 
c o a r p a r t i c l e s  agglcanepted and adhered t o  the wall, making .the u n i t  in- 
operable. 

The gas velocity f o r  fluidizing: at  

Early t e s t s  showed that the individual coal 

\hen the fluidized bed 

However, *? the heat was supplied by d i r e c t  t ransfer  frm the 

/ 



gas *ile the reactor YBU vas maintained a t  a temperature for'..adiabatic 
conditions,. the coa l ' s  caking properties were destroyed by the. treatment 
and the unit was operable. 
Pretreatment was successful when inert gas, steam plus air, or 'n i t rogen 
was used, trhereas agglomeration occurred at  the same operating conditions 
when helium, steam, or  p repwi f i ed  nitrogen was the t r ea t ing  gas. This 
difference in results m s  traced t o  the presence of a small quantity o f ,  
oxygen (0.1-0.3 p r c e n t )  i n  the i n e r t  gas and nitrogen, end +e' absence of 
a measurable quantity of osygen i n  the other gases. 

The effect  of tenpz:nture on the caking p rop i - t i e s  of  P i t t ' s b u r a  seam 
Four mesh sizes  of coa l  were f luidized with nn 

'phe coal  pa r t i c l e s  sirelled and became globular. 

. .  
.. . 

coa l  is  &ovn i n  i lbure 3. 
Lnert gas' contabin5  0.8-1.0 ixrcent  oxygen. 
volme, the miat loss of the coal, and thc free swellin;: index of the 
r e su l t an t  char :dth n r i a t i o n  i n  treatment t cqere ture  . 
more relat ive than absolute, bu t  the trends of $he GSferent  s i zes  are 
r e a l i s t i c .  The larger  p r t i c l e s  liere exposed t o  more oxygen t5ha.n +&e smaller 
ones be.cauoe the i i n e a r  velocity - a s  h i b e r  fo r  the fluidiza,tio,n of the 
larger  par t ic les .  
n inutes  i n  a l l  t e s t s .  
and w i t h  the 8-10 and 10-14 mesh sizes,  a t  425" C .  
irere successfully pretreated a t  425" C, as xere a l l  s izes  at  400' C. 
the f luidizat ion of the coals was set isfactory in roe i-eactor a t  375" C, 
the chars caked v k n  they rrere tes ted e t  600" C v i t i  hydrogen, indicating 
insuff ic ient  treatnent.  The free siiell iag index test corroborates the 
hydrogen t e s t s  because the index w.s h i a e i .  thm 2 et  375" C and no higher 
than 2 fo r  a l l  t e s t s  a t  400" C, md below 2 et 425" and 11.50' C .  As the 
temperature of t reataent  increased, the veigli: loss increased as more of 
t h e  volat i les  irere removed. There was a greater increase i$;buUc voluue 
with increasing temperature. These tests shoved that the caking qualit+ 
of Pittsburgh s e m  coal of 28-45 and 48-100 mesh VRS destroyed a t  400" t o  
425" C i n  j0 ninutes. 

Plotted Ere the increase i n  

These i-::sults c r e  

The c o a l  i n s  maintained ct the t e s t  tempe:iFture for j0 
Poor f h i d i z a t i o n  oc:xrred i n  a l l  testys kt  450" C, 

Tile 28-43 &d lc8-100 ~ e s h  
While 

The e f f ec t  of pressure on the caking properties of P i t t s b u q h  coal  is  
shown in figure 4. 
ized with an i n e r t  gas containing 0.8 t o  1 percent oxygen for  30 minutes 
a t  400° C.  Chars made a t  a= pressures were noncaking. 
expansion became less as the pressure increased from 0 t o  3OO;pSig. 
The m i g h t  loss decreased as the pressure vas increased frori,'O, t o ' 7 j  psi&, 
then d id  not change with Purther increase i n  pressure. 
of about 0.4 foot per second -as necessary fo r  f luidizat ion of,.48-,130 mesh 
coal  a t  a l l  the gressures, so that a t  the higher pressures a larger  quint i ty  
of gas flowed through the coal.  
due t o  pressure-. 
leased when the char m s  removed f r o m  the reactor .  
seemed to explode, probably because trapped gas was released due t o  de- 
pressurization. 

Wing these t e s t s  a 48-100 mesh s ize  coal %AS f luld-  

The v o l m e t r i c  

A lihear gas .velocity 

Generally, there was no s ign i f i can t  changc 
The only novel e f f e c t  occurred when the pressure was re-  

Some of the p a r t i c l e s  

This e f f ec t  was observed a t  a l l  pressures above atmospheric. 
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Varying the  time of pretreatment of Pittsburgh seam coal of 18-100 
mesh producea the  results sham i n  figure 5. 
cent oxygen was the treating gas, and operating temRratures were 400" 
and 425" C. As shown i n  this figure, the char made by t rea t ing  a t  425" C 
for five minutes could be subjected t o  a hydrogen atmosphere at 900" C 
without caking. The f r e e  swelling index of t h i s  char vas 1.5. The might 
loss  of the coal  was 10 percent. Pretreatment for  only 1 minute a t  425" C 
vas enough t o  produce a char that did not agglomerate a t  GOO0 C w i t h  
hydrogen. 
indicative of a caking coal.  Apparently the test w i t h  hydrogen a t  600" C 
i s  not severe enough $0 determine if the coal has been rendered noncaking 
throughout. Sane difference between the free smiling index and hydrogen 
exposure tests can be e x p c t e d  because the char is ground for  the free 
sirelling index test but  is used i n  itti original  state i n  the hydrogen 
t e s t s .  !hen the 
coal  was t reated a t  400" C, the minimum pretreatment t i m e  m s  20 minutes 
f o r  the char t o  remain nonag&merating in  the hydrogen test a t  e i t h e r  
600" or 900" C. The f ree  swelling index was 2, indicative of noncaking. 
The ireight l o s s  xias 10 percent.  Since the migh t  loss et both 400" and 
425" C vas about 10 percent, the higher temperature is more desirable 
because less time is required f o r  treatment. 

Nitrogen containing 0.2 per- 

However, the  free swelling index of the char was 6-1/2, s t i l l  

i he weight loss in the 1-minute test was 8 F r c e n t .  

The e f f e c t  of temperature on the volume and camposition of the gas 
nade during coal  treatment with pure s t e m  for  30 minutes a t  375", boo0, 
and 425" C is shown i n  figure 6. 
y i e ld  increased f'rm about 5 t o  3 cubic centimeters of gas p r  gram of coal 
charged. The methane yield increased from about 1 t o  5 cubic centimeters 
per gmu, and the  C2 y ie ld  increased also.  The yields  of carbon dioxide, 
nitrogen, carbon monoxide, and oqrgen remained re la t ive ly  constxmt. 
of higher heating value m s  made a t  the higher temperature of operation. 

The e f f e c t  of varying the temperature of pretreatment of Pocahontas 
Iio. 4 (lvb), Taggart (hvab), I l l i n o i s  No. 6 (hvbt),and Sewickley (hvab) 
coals i s  shown in  figure 7. 
was used a t  a l i n e a r  velocity of about 0.8 foot per second t o  f lu id ize  the 
28-48 mesh p a r t i c l e s .  Chars, made frm Pocahontas or  I l l i n o i s  coal  "tit 
had been t rea ted  a t  375", 400", or 425" C, did not cake when subjected 
t o  a hydrogen t e s t  at  900" C. Taggart coal required treatment a t  425" C 
t o  be sat isfactory,  w h i l e  Sewickley could be t reated a t  400° only, a s  it 
agglawrated during pretreatment a t  425" C and was ineffect ively pre- 
t reated at 375 O C . 
Pittsbur& seam, a l l  being hvab. 

A s  the temperature increesed, the hydrogen 

A gas 

Nitrogen containing About 0.2 percent oxygen 

Tag& and Sewickley coals a r e  similar in rank t o  
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Pocahontas No. 4 and I l l i n o i s  No. 6 require less &-astic treatment 
than the hvab coals.  
coal,  which has a free swelling i&x of 4.5 compared t o  8-8.5 f o r  the 
hvab coals.  While the Pocahontas coal has the highest  rank, it may 
respond to m i l d e r  pretreatment because of i t s  low v o l a t i l e  content. 
Taggart coal required treatment a t  425" C. 
change i n  expansion as plotted i n  figure 7 ,  having 0 percent voluoe in- 
crease a t  375" C and 100 percent a t  425" C .  

This i s  not surpr is ing for  the lower rank I l l i n o h  

This coa l  a l s o  showed a dras t ic  

These t e s t s  showed that the technique of pretreatment u t i l i z i n g  
f lu id iza t ion  with gases containing small quant i t ies  of o q g e n  is applicable 
t o  several  caking coals.  However, conditions of pretreatment cannot be 
fixed exactly by the rank of coal; each coal  must be tes ted  t o  determine 
the most sa t i s fac tory  temperature for  pretreatment. 

c0NcIus10Ns 

The caking properties of coals tes ted  could be destroyed by f lu id iz ing  
the coal with a gas such a s  nitrogen, nitrogen plus carbon dioxide, or 
steam, containing a t  least 0.2 percent oxygen a t  400" o r  425" C. In a 
batch system, a thorou&ly nonagglmerating char could be produced a t  
425" C i n  a 5-minute trea&aent using 18-100 mesh s ize  coal .  
proyerty cannot be destroyed by the treatment described i f  oxygen I s  
absent.  It is desirable and may be necessary t o  heat the c o z l  in te rna l ly  
by the t rea t ing  gas t o  p-event the par t ic les  f r o m  adhering t o  the w a l l  of 
the reactor.  

The caking 

To o b ~ t n  deta that vi11 pernit a more exact evaluation of the  process 
and estimate of the cost  of th i s  method of pretreatnent,  a study of a con- 
tinuous system is n e e b d .  Ve plan t o  m o d i f y  the bench-scale e q u i p n t  for  
continuous feed of coal and remcval of char. 
determination of the optimum feed gas-to-coal r a t i o  and min- average 
resicence 5ime required f o r  2retrea"kuent. In a f luidized bed a l l  the coal  
i s  not pretreated for  a unif'on length of t i n e  because of the rqi6 mixing 
of thc i-a-,; cozl ana t rea ted  char. 
part;.cles t rea ted  t o  d i E e r e n t  ries-ees because &e residence tine of the 
inclividurrl par t ic les  varies. TIie resu l t s  of the batch study H i l l  be used 
EE 2, s i d e  for  the continuous stxCiies, bnt  the optimm sol ids  resi&ence 
t i n e  and conclitions of oyei-atioi: may be d i f fe ren t  frcm those obbl;ained i n  
the present i svec t i ip t ion .  

This w i l l  all017 a - r e a l i s t i c  

The discharge6 so l ids  : r i l l  contain 
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FLAHMAEiILITY CHARACTERISTICS OF NETHPIACETYLENE, 
PROPADIENB AND PROPYLBNE 

Joseph M. Kuchta, Irving Spolan, and Michael G. Zabetakis 

Bureau of Mines, U. S. Department of the Interior 
Pittsburgh, Pennsylvania 

INIlRoDUCTION 

Methyl cetylene and propadiene are used as welding and cutting fuels, s inter- 
mediates in chemical production, and as rocket fuels. 
bustibles in the gas phase are potentially hazardous because their vapors can decompose 
exothermally and propagate flame in the absence of oxygen. 
may be sufficient to effect their decomposition and ignition. 
perature and pressure their thermal stability may be expected to decrease. 
present investigation was conducted to determine the flanmability characteristics of 
gas or liquefied gas mixtures containing these materials together with a hydrocarbon 
diluent, such as propylene or propane. 

pressures have been studied recently. Hall and Straker (lz? report that its burning 
velocity is about 2 cm/sec between 10 and 40 atmospheres - a relatively low value in 
comparison to most known flames. They report a critical pressure for flame propaga- 
tion of 43 psig (lower pressure limit) at about 20" C, in a 4-inch diameter tube. 
This may be compared with the critical pressure limit of 50 psig, in a 2-inch diameter 
tube, reported by Fitzgerald (2). 
which also forms a decomposition flame. 
2-inch tube is only about 6 psig (3). Although little information is available on 
the stability of propadiene, recent experiments indicate that the energy requirements 
for the ignition of propadiene-methylacetylene mixtures are comparable to those re- 
quired for the ignition of methylacetylene alone ( 4 ) .  

Mixtures containing these com- 

Heat from surroundings 
With increasing tem- 

The 

The fundamental properties of the methylacetylene dec osition flame at elevated 

Methylacetylene is more stable than acetylene 
The low pressure limit of acetylene in a 

Like acetylene, methylacetylene and propadiene can be stabilized in a system at 
a specified temperature and pressure by adding inert gases or hydrocarbons that do not 
decompose under the given conditions. 
better stabilizer than either methane or nitrogen. 
propylene and propane as diluents is examined because of the current interest in these 
hydrocarbons as stabilizers for methylacetylene and for methylacetylene-propadiene 
mixtures. 
sensitive to temperature and pressure, as well as to the size of the reaction chamber. 

Fitzgerald (2) reports ethane to be a much 
In the present study, the use of 

The flamnability characteristics of such mixtures (vapors) are shown to be 

- 1/ The work upon which this report is based was done under a cooperative agreement 
between the Bureau of Mines, U. S. Department of the Interior and The Dow 
Chemical Company. 

- 2/ Numbers in parentheses indicate references at end of paper. 

I 
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EXPERIMEmAL APPARATUS AND PROCEDURE 

Limit of Flammability Measurements 

Flarmnability limits of the methylacetylene-propadiene-propylene system were de- 
termined at elevated temperatures and pressures in cylindrical stainless steel bombs 
measuring 1-, 2-, 4- and 12-inches in diameter, respectively, and in a spherical 
bomb of 24-inch diameter. 
12-inch diameter one which was 17 inches long. All of the bombs were insulated 
with asbestos and heated externally with Nichrom&/ ribbon elements (see figure 1). 
Chromel-Alumel thermocouples (22-gage), located near the top and bottom of each bomb, 
were used to follow the heating of the test mixtures introduced into the vessels; 
thermocouple outputs were measured by a potentiometer. 
mixture component was measured by a mercury manometer or a Bourdon gage which also 
served to indicate if ignition occurred. 
during each experiment with an SIM Kistler transducer system whose output was fed 
to an oscilloscope equipped with a camera. 
source consisted of about 1 inch of 38-gage platinum wire located at the bottom of 
the test vessel. 

The cylinders were about 42 inches long, except for the 

The partial pressure of each 

A continuous pressure record was obtained 

In most determinations, the ignition 

In preparing for an experiment, a vapor mixture from the liquefied gases was 
made up in an explosion bomb which had previously been evacuated. To facilitate 
transfer of the gases from their supply cylinders, the latter were immersed in a 
water bath maintained at a selected temperature between 20' and 45" C; the explosion 
bomb was kept at the same temperature. Generally, at least one of the gases was 
introduced in two increments and alternately with the other gas or gases. To effect 
mixing, a thermal gradient of about 60 CD was maintained for at least one hour be- 
tween the top and bottom of the bomb. 
for compressibility, were in close agreement with mass spectrometric analyses made 
for a few sample mixtures. 

Calculated mixture compositions, corrected 

After the gases were mixed, the bomb was heated to the desired temperature and 

In some 
the platinum wire was fused. 
mined from the pressure measurements and from the amount of carbon formed. 
instances, complete analyses of the cooled product gases were madeo Most of the 
experiments were performed at 120" C and at pressures of 50 and 100 psig. 

Ignition and extent of flame propagation was deter- 

The flammability of commercial mixtures (vapor) of liquefied gases was deter- 
mined in much the same way. 
ducted at pressures greater than 100 psig and necessitated the transfer of appre- 
ciable quantities of the sample mixture to the bomb as a liquid. 
by first transferring a measured volume of liquid from the supply cylinder to an 
evacuated stainless steel sphere (523 cc); both were precooled with dry ice, 
small sphere was then heated to force the liquid mixture into the bomb where the 
initial test pressure was controlled by varying the sample volume and bomb tempera- 
ture. The subsequent procedure was similar to that in the previous experiments. 

However, many of the flammability experiments were con- 

This was accomplished 

The 

Two representative commercial mixtures were examined; their compositions are 
given in table 1. 
about 41 volume-percent diluents, (mostly propane and propylene); mixture No. 2 
contained about 32 volume-percent diluents (mostly propane). Mass spectrometric 
analyses of mixture No. 2 by the Bureau of Mines gave a diluent content of 43 volume- 
percent for the vapor sample and 29 volume-percent for the liquid sample. This vari- 
ation can be attributed to the preferential distillation of the lighter diluent 
components. 

- 3/ Reference to specific brands, and make or models of equipment is made to facilitate 
and does not imply indorsement of such items by the gureau of t.lines. 

According to the manufacturer's analyses, mixture No. 1 contained 
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TABLE 1. - Composition of representa t ive  commercial mixtures 
of l iquef ied  gases (volume-percent)L/ 

Mixture No. 1 Mixture No. 2 
Mfg.'s ana lys i s  Mfg. Is analys is  BuMines a n a l y s i d l -  ' 

(Liquid) (Liquid) (Liquid) (Vapor) 

Methylacetylene 36.1 27 {71 :57 
Propadiene 23.3 41 

Propylene 10.8 
Propane 22.5 28 , 22 37 

Cq-Carbon cpds. 7.3 4 7 4 
2 -.s- - -  

- 1/ - 2/ &ass spectrometric analyses. 
Supplied by The Dow Chemical Company. 

The methylacetylene used i n  t h i s  work had a minimum p u r i t y  of 95 percent  and 
could contain a s  much a s  4 percent  ni t rogen according t o  the  vendor's spec i f ica t ions ;  
mass spectrometer ana lys i s  of our sample showed about 2 percent n i t rogen  present. 
The propadiene and propylene were about 97.5 and 99 percent pure, respect ively;  
propylene was the  main impurity i n  t h e  propadiene. 

RESULTS AND DISCUSSION 

Flammability L i m i t s  of t h e  Methylacetylene-Propadiene-Propylene System 

Mixtures of methylacetylene and propadiene vapors were found t o  be flammable 
( i n  the  absence of air) i n  a l l  proportions a t  120' C and 50 psig. 
ene t o  e i t h e r  of these components produced l i m i t  mixture compositions which were de- 
pendent upon the temperature and pressure as w e l l  as on the  v e s s e l  diameter. 
compositions found a t  120" C and a t  50 o r  100 ps ig  are given i n  t a b l e  2 f o r  vessel  
diameters of 1 t o  24 inches. The data  i n  t a b l e  2 w e r e  used t o  make up t h e  ternary 
diagram shown i n  f igure  2. This f igure  shows the  approximate range of flammable mix- 
t u r e s  f o r  the  methylacetylene-propadiene-propylene system under the experimental 
condi t ions noted. 
i s  g r e a t e s t  with high concentrations of propadiene. 
mixtures containing up t o  31.3 percent propylene a r e  flammable i n  the 12-inch diame- 
t e r  bomb a t  100 psig;  21.9 percent  i s  the  l imi t ing  propylene concentrat ion for 
methylacetylene-propylene mixtures. 

Addition of propyl- 

Limit 

I n  any given vesse l ,  the  range of flammable mixture compositions 
For example, propadiene-propylene 

The propadiene used i n  t h i s  inves t iga t ion  propagated flame a t  pressures  i n  ex- 
cess  of 16 ps ig  a t  120" C i n  a 2-inch diameter bomb; the  methylacetylene required 
pressures  grea te r  than 39 psig. Other i n v e s t i g a t o r s  have reported similar pressure 
l i m i t s  of  31 ps ig  a t  120" C and about 45 ps ig  a t  150' C f o r  methylacetylene i n  2-inch 
and 1-1/4-inch diameter bombs, respec t ive ly  (2,4). It i s  not a l toge ther  surpr i s ing  
t h a t  methylacetylene should be more s t a b l e  than propadiene, because t h e  former con- 
t a i n s  a methyl group t h a t  provides increased res i s tance  t o  thermal degradation. 
Pyrolysis  experiments (400-650' C) by Meinert and Hurd (5) i n d i c a t e  t h e  same order  
of s t a b i l i t y  f o r  these l iquef ied  gases. 
acetylene f i r s t  converts t o  propadiene, which then polymerizes and eventual ly  decom- 
poses. 

They a l s o  obtained evidence t h a t  methyl- 
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TABU 2. - Fl-bility l i m i t s  of methylacetylene-propylene-Ty 
diene mixtures a t  120' C i n  var ious s i z e  vessels.- 

I n i t i a l  
Pres  sur  e Methylacetylene Propylene Propadiene 

P s i g  Vol . -% V0l.-x Vole-% 

100 
100 

50 
50 

100 
100 
100 

100 

1-inch I D  Bomb (0.47 l i ter)  
92.8 7.2 -- 19.8 

2-inch I D  Bomb (2.03 lit-ers) 
94.7 '5.3 _- 
90.4 

39.4 
-- 

15.3 
9.6 

23.8 
21.5 

4-inch I D  Bomb (7.86 l i t e r s )  
84.5 15.5 

-- 
go. 2 

-- 
84.7 

76.2 
39.1 

-- 

100 -- 28.7 71.3 

100 
12-inch I D  Bomb (31.0 l i t e r s )  

78.1 21.9 
100 -- 31.3 68.7 

24-inch I D  Bomb (118.7 l i ters) -- 100 >76 <24 
100 -- 32.5 67.5 

- 11 Igni t ion  source cons is ted  of  1-inch of 38-gage platinum fuse wire. 

The flammable range o f  t h e  mixtures was not iceably grea te r  a t  100 ps ig  than a t  
I n  view of t h e  lower explosion pressure l i m i t s  given above for  50 p s i g  ( f i g u r e  2). 

methylacetylene and propadiene, i t  was t o  be expected t h a t  t h e  flammability of the 
mixtures would be pressure-sens i t ive  under t h e  experimental conditions; even propyl- 
ene w i l l  propagate flame a t  s u f f i c i e n t l y  high temperatures and pressures. It was 
a l s o  t o  be  expected t h a t  a n  increase  i n  temperature would widen the l i m i t s  of flame 
propagation. 
methylacetylene and propylene f a i l e d  t o  ignite i n  the  2-inch diameter bomb with the  
i g n i t i o n  source used (1 inch of  38-gage platinum wire); these  mixtures ign i ted  
r e a d i l y  a t  120' C and 50 p s i g  i n  t h e  same bomb. It i s  poss ib le  tha t  with o ther  igni- 
t i o n  sources these mixtures would i g n i t e  and propagate flame a t  the lower temperature 
(60' C) s ince  i g n i t i o n  energy requirements become most c r i t i c a l  near the l i m i t i n g  
pressure condition f o r  flame propagation. 

I n  some prel iminary experiments a t  60' C and 50 psig,  mixtures of 

The e f f e c t s  o f  i n i t i a l  p ressure ,  vessel diameter, and mixture composition were 
a l s o  r e f l e c t e d  I n  t h e  pressure  measurements. 
i n  t h e  1-, 2- and 4-inch diameter bombs with near- l imit  mixtures of propadiene- 
propylerre and methylacetylene-propylene a r e  shown i n  f igure  3 (A and B); per t inent  
d a t a  from these records are given i n  t a b l e  3. 
maximum explosion pressurea developed decrease markedly with a decrease i n  bomb 
diameter. 
mixtures w e r e  60 and 250 p s i / s e c  i n  1 and 4-inch diameter bombs, respect ively;  the 

Pressure-time records from experiments 

The r a t e s  of  pressure r i s e  and the 

For example, t h e  i n i t i a l  rates of pressure rise f o r  t h e  propadiene-propylene 



corresponding r a t i o s  of maximum explosion pressure t o  i n i t i a l  pressure were 2.15 and 
5.82. Comparable d a t a  were obtained with methylacetylene-propylene mixtures. It 
was  evident  from these  andother  r e s u l t s t h a t  the  hea t  losses  were g r e a t e s t  f o r  the  
smallest vessel. The quenching diameter f o r  methylacetylene flames is reported to 
be less than 0.3 cm a t  15 ps ia  and 120" C (1); with propylene as d i l u e n t ,  the  quench- 
i n g  diameter should be grea te r  under t h e  same conditions. 

Explosion pressure-time h i s t o r i e s  f o r  the  f laamabi l i ty  determinations conducted 
i n  t h e  2-inch diameter bomb with propadiene and methylacetylene a t  var ious i n i t i a l  
pressures  are a l s o  shown i n  f igure  3 (C and D). 
a t t a i n e d  more rap id ly  with propadiene than with methylacetylene, a t  a given i n i t i a l  
pressure. 
maximum rates of pressure rise were only 25 and 55 p s i l s e c ,  respec t ive ly  ( t a b l e  3). 
These rates, and those obtained f o r  mixtures of  these gases with propylene, increased 
not iceably a8 t h e  i n i t i a l  pressure and the  diameter of the vessel w e r e  increased. 
Because of t h e  r e l a t i v e l y  low rates of pressure rise observed i n  most of these  deter- 
minations, t h e  t i m e s  required to reach a given pressure were long, as compared t o  
those t h a t  are general ly  observed with combustible-oxidant mixtures i n  similar bombs. 
A s  noted i n  t a b l e  3, the times required t o  a t t a i n  maximum pressures  were greater  than 
1 second except i n  experiments conducted i n  t h e  4-inch diameter bomb; these data  ind i -  
cate the  slow development and propagation of flame t h a t  can be expected i n  t h e  decom- 
pos i t ion  of  these materials. 

Maximum explosion pressures  were 

A t  t h e  explosion pressure l i m i t  f o r  propadiene (16 psig) ,  the  i n i t i a l  and 

The e f f e c t  of vesse l  s i z e  on the  f l m b i l i t y  l i m i t s  of methylacetylene-propylene 
mixtures a t  120" C and 100 ps ig  is  i l l u s t r a t e d  i n  f igure  4. 
d i l u e n t  (propylene) required t o  produce l i m i t  mixtures increased with an increase i n  
vessel diameter from 1 to 12 inches; above 12 inches the  diameter had l i t t l e  e f fec t .  
The following equations were found t o  f i t  t h e  experimental da ta  by the  method of 
least squares f o r  t h e  range of  vessel  diameters, d, indicated:  

Methylacetylene-propylene mixtures: 

Propadiene-propylene mixtures: 

The concentrat ion of 

Vo1.-% propylene = 4.1 + 3.2 d - 0.14 d2; 

Vo1.-% propylene = 18.3 + 3.0 d - 0.16 d2; 

1" <d <12" 

1" <d 9 2 , '  

(1) 

(2) 

The volume percent  of  propylene is the  amount required to obta in  a l i m i t  mixture. 

The vessel diameter e f f e c t  observed f o r  these mixtures can be a t t r i b u t e d  la rge ly  
t o  t h e  s l o w  flame propagation obtained with these materials. 
ing  per iod,  t h e  burning v e l o c i t i e s  probably d id  not exceed about 2 cmlsec, t h e  value 
reported by Hall and Straker  (1) f o r  pure methylacetylene a t  10 atmospheres. With 
such a low burning ve loc i ty ,  t h e  t o t a l  hea t  l o s s e s  t o  t h e  w a l l s  by conduction and 
r a d i a t i o n  can be s i g n i f i c a n t  enough t o  cause flame ext inct ion.  
t h a t  such e f f e c t s  would be  most evident, a s  i s  the  case here ,  f o r  t h e  smallest  diame- 
ter vessels o r  those with t h e  g r e a t e s t  contact  area-to-volume r a t i o .  Judging from 
t h e  burning v e l o c i t i e s  and flame temperatures, hea t  l o s s e s  due t o  rad ia t ion  appear 
t o  b e  very important i n  t h e  propagation of decomposition flames through methylacetylene 
and acetylene; observed flame temperatures a r e  much less than va lues  calculated assum- 
i n g  no rad ia t ion  l o s s e s  (6,7). 
heat losses alone determine t h e  explosion pressure l i m i t s  of these flames. 

During most of the burn- 

It i s  t o  be expected 

However, i t  has  not been es tab l i shed  whether such 

The main (cooled) decanposition products from methylacetylene and propadiene 
were found t o  be  carbon, hydrogen and methane ( t a b l e  4) ;  s m a l l  or t r a c e  q u a n t i t i e s  
of ethane, ethylene and unreacted gas were a l s o  present. 
obtained with methylacetylene and with acetylene by o ther  inves t iga tors  (1,2)* 

Similar r e s u l t s  have been 
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However, acetylene general ly  undergoes more complete decomposition t o  the elements, 
(carbon and hydrogen) a t  t h e  temperatures and pressures  employed here. 
duct ion increased with an increase  i n  i n i t i a l  pressure whereas the  methane content 
decreased. 
maximum pressure (100 p s i g ) ,  but  they were present  i n  s i g n i f i c a n t  amounts (0.6 per- 
cent  ethane and 2.3 percent ethylene) i n  the experiment with propadiene a t  a pressure 
of  16.5 psig;  benzene (0.7 percent)  was a lso  found a t  t h i s  low pressure. The same 
gases form as products o f  t h e  explosive decomposition of ethylene a t  elevated tempera- 
t u r e s  and pressures  (8). 
pyro lys i s  of propylene between 600" and 955" C (9); however, they d id  not f ind any 
evidence of aromatic hydrocarbons i n  t h e  pyrolysis  of methylacetylene or  propadiene 
between 400' and 650" C (5). 

Hydrogen pro- 

Ethane and ethylene were barely de tec tab le  i n  the  products formed a t  the  

Hurd and Meinert a l s o  repor t  similar products from the 

Figure 5 shows t h a t  t h e  amount of f r e e  carbon formed w a s  near ly  insens i t ive  t o  
mixture composition and increased l i n e a r l y  with i n i t i a l  pressure;  these da ta  were ob- 
ta ined a t  120" C i n  the  2-inch diameter bomb. 
pared t o  t h a t  which would be expected from t h e  assumed reac t ions  t h a t  i d e n t i f y  t h e  
three  curves given i n  t h i s  f igure.  
t i a l l y  between the bottom and middle curves which correspond t o  carbon y ie lds  of 2 and 
2-112 moles, respec t ive ly ,  per  mole of methylacetylene (HC 
(H2D.C=CH2). However, t h e  gas  compositions of the  cooled combustion products were not 
a l toge ther  cons is ten t  with those  of the  reac t ions  assumed here. 

The experimental carbon y i e l d  i s  com- 

It i s  seen t h a t  t h e  experimental da ta  f a l l  essen- 

C-CH3) o r  propadiene 

Material balances based on the  complete analyses of  the combustion products from 
methylacetylene and propadiene are given i n  t a b l e  5. 
were l a r g e l y  carbon, hydrogen and methane, small quant i t ies \  of ethane, ethylene, e tc .  
were neglected. Best  material balances were obtained i n  the  experiments a t  100 psig. 

As the  decomposition products 

TAB= 5. - Products formed by t h e  explosive decomposition of  methyl- 
-acetylene, propadiene, and methylacetylene-propylene 

mixtures a t  120" C and var ious i n i t i a l  pressures  

I n i t i a l  Bomb 
Pressure Diameter Reactants Carbon Hydrogen Methane 

p s i g  inches (moles )L/ moles moles moles 

42 2 (l)HCzC-CH3 2.16 1.08 0.39 
100 2.34 1.34 0.35 
16.5 (1)H2**m2 1.86 0.75 0.36 
50 2.36 1.19 0.34 

100 2.54 1.44 0.29 
100 . 4 (1 )HCrC-CH3 + 2.96 2.00 0.46 

t I  11 

I t  

11 

11 t l  

(0.175)H2WCH-CH3 

- 11 Numbers i n  parentheses  i n d i c a t e  moles of reactant .  

e s s e n t i a l l y ,  only small amounts of  addi t iona l  carbon are needed to  obta in  agreement be- 
tween t h e  input  and output  mater ia l s  a t  t h i s  pressure. 
gen t o  carbon was 1.33 f o r  both reac tan ts ;  it was between 1.36 and 1.48 f o r  t h e i r  
reac t ion  products, including minor cons t i tuents  such as ethane, ethylene, e tc .  ( tab le  4). 
The apparent shortage of carbon may be ascr ibed . to  the f a c t  t h a t  a l l  of  t h e  carbon 
formed i n  t h e  reac t ion  vesse l  was not removed and weighed. The amount of hydtogen and 
o ther  gaseous products combined o r  adsorbed i n  the  carbon probably d i d  not introduce a 
se r ious  e r ror .  

The mole r a t i o  of t o t a l  hydro- 
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The combustion products from an ignition in the 4-inch diameter bomb with 85 per- 
cent methylacetylene and 15 percent propylene at 100 psig and 120' C were also analyzed 
(table 4). 
material balance was much like that observed with methylacetylene or propadiene alone 
(table 5). 

The products were again chiefly carbon, hydrogen and methane, and the 

The relative concentrations of hydrogen and methane that were found in the decampo- 
sition products may be explained partly by consideration of the decomposition of methane 
as follows: 

(3) 

C2H2 j 2C + H2 . ( 4) 

According to thermodynamic data, little methane should exist at about 1500' C (10); there- 
fore, maxlmum conversion of methane to carbon and hydrogen should occur at temperatures 
equal to or greater than this value. Since the observed flame temperatures for the decom- 
position of methylacetylene are about 1300' C (6), noticeable methane concentrations 
should then be expected in the end products. 
the heat losses increase and the ratio of methane to hydrogen should increase, as it 
actually did. In comparison, the decomposition of acetylene is associated with higher 
flame temperatures which account in part for the small amount of methane that is generally 
found in the decomposition of this material. 

With decreasing pressure and vessel size, 

Flmmability Characteristics of Representative Commercial 
nixtures of Liquefied Gases 

Vapors of cmercial mixture No. 1 (41% diluents) did not propagate flame without 
air in the 2-inch diameter explosion bomb at temperatures extending from 18' to 187' C 
and at corresponding pressures of 80 to 390 psig; the only evidence of reaction was the 
presence of small quantities of liquid products and of carbonaceous soot near the ignition 
element. In most of these experiments, the ignition element consisted of two platinum 
vires (%-gage and 1-inch long) and 50 mg of guncotton. 

Conmercial mixture No. 2 ( 3 H  diluents) showed little evidence of reaction in flamma- 
bility tests conducted in the 24-inch spherical bomb at 126' C and pressures up to 116 
psig. 
4-inch diameter cylindrical bomb, and the maximum pressure developed was greater than 
1000 psig. 
mixture temperature (215' C) was sufficient to ignite the guncotton; 
tion of the mixture was unlikely in the absence of air at the above temperature and 
pressure. 

However, at about 215' C and 285 psig, the mixture decomposed explosively in the 

Ignition occurred without fusion of the ignition source indicating that the 
spontaneous igni- 

According to the data obtained for various mixtures of methylacetylene, propadiene 
and propylene, commercial mixture No. 1 should not be flanrmable under the experimental 
conditions used here because of its high diluent content (22.5% propane, 10.8% propylene, 
and 1.3% 4-carbon atom hydrocarbons). 
not fall in the flammable range, assuming that the diluents are as stable as propylene. 
HOvever, a moderate increase of the methylacetylene or propadiene concentration would 
tend to make the mixture flamnable. Moreover, the mixtures will tend to be more unstable 
at higher temperatures and pressures. As the composition of comnercial mixture lo. 2 
falls close to the range of flammable methylacetylene-propadiene-propylene mixtures 
(figure 2), its behavior at high temperatures and pressures is not surprising. 

Figure 2 shows that this mixture composition does 



202 

The a b i l i t y  of  p a r a f f i n  hydrocarbon d i luents  t o  s t a b i l i z e  l iquef ied  gases appears 
t o  depend par t ly  upon the h e a t  of formation of  the  di luent .  For example,. the  s t a b i l -  
i t y  of methylacetylene (2) and acetylene (3) increases  with the addi t ion  of p a r a f f i n s  
of increased molecular w e i g h t  and decreased h e a t  of formation (negative). The e f fec-  
t iveness  of  these d i l u e n t s  and of nit rogen decreases i n  the  following order :  

Butane > propane > ethane >methane > nit rogen . 
Thus, butane and propane should be preferred as s t a b i l i z e r s  for  these commercfal mix- 
t u r e s ;  they should a l s o  be favored over propylene which has  a p o s i t i v e  h e a t  of forma- 
t ion .  The a b i l i t y  of the d i l u e n t s  to  absorb hea t  can a l s o  be an important f a c t o r  here 
and probably accounts to  a l a r g e  ex ten t  for  t h e  greater  e f fec t iveness  observed with 
hydrocarbons than with nitrogen. 

CONCLUSIONS 

Mixtures of methylacetylene and propadiene vapors a r e  flammable i n  a l l  proportions 
a t  an i n i t i a l  temperature of 120” C and a pressure of 50 psig. 
are formed by adding propylene and a r e  dependent on such var iab les  a s  temperature, 
pressure,  vessel  diameter, and i g n i t i o n  energy. 
creases  when the i n i t i a l  p ressure  is increased from 50 to  100 psig. 
when the  diameter of t h e  r e a c t i o n  v e s s e l  i s  increased from 1 t o  12 inches; above 12 
inches t h e  diameter has  l i t t l e  effect .  

Nonflammable mixtures 

The range of flammable mixtures in- 
It increases  a l so  

The low pressure (explosion) l i m i t s  a r e  about 16 ps ig  for  propadiene, and 39 ps ig  
f o r  methylacetylene a t  120” C i n  a 2-inch diameter bomb. 
r i s e  following i g n i t i o n  o f  the  t e s t  mater ia l s  a re  very l o w  and are i n d i c a t i v e  o f  an- 
usua l ly  low burning v e l o c i t i e s .  
diameter and pressure. 

Ini t ia l  r a t e s  o f  pressure 

These r a t e s  increase with an increase  in vesse l  

The end products formed by explosive decomposition of methylacetylene between 42 
and 100 p s i g  and of propadiene between 16 and 100 ps ig  a r e  c h i e f l y  carbon, hydrogen 
and methane; methylacetylene-propylene mixtures give similar products. An increase  i n  
pressure increases  t h e  percentage of hydrogen and decreases the percentage of methane. 
Decomposition of these l i q u e f i e d  gases  t o  t h e i r  elements w a s  less complete than t h a t  
of  acetylene a t  t h e  same condi t ions.  



REFERENCES 

k 

I 

L 

i 

1. Hall, A. R., and R. A. M. Straker, The Methylacetylene (Propyne) Decomposition 
Flame at Pressures of 10, 20 and 40 Atmospheres. Rocket Propulsion Establish- 
ment, Westcott, England, Tech. Note 192, August 1960, p. 11. 

2. Fitzgerald, F., Decomposition of Methylacetylene. Nature, April 1960, p. 387. 

3. Jones, G. W., R. E. Kennedy, I. Spolan, and W. J. Huff, Effect of Pressure on 
Explosibility of Acetylene-Water Vapor, Acetylene-Air Acetylene-Hydrocarbon 
Mixtures. BuMines Rept. of Inv. 3826, 1945, 17 pp. 

Line, L. E . ,  Some Safety and Handling Characteristics of a Mixture of 709. 
Propylene and 30% Allene. 

4. 
Texaco Experiment Inc., TM-1104, July 14, 1959, p. 6. 

5. Meinert, R. N., and C. C. Hurd, The Pyrolysis of Allene and Methylacetylene. 
J. Am. Chem. SOC., v. 52, 1930, p. 4540. 

6. Cuuunings, G. A. McD., A. R. Hall, and R. A. M. Straker, Decomposition Flames 
of Acetylene and Methylacetylene. 
The Williams and Wilkins Co., Baltimore, Md., 1962, p. 508. 

8th Symposium (Internat.) on Combustion, 

7. Gaydon, A. G., and H. G. Wolfhard, Flames, Their Structure, Radiation and 
Temperature. 2d ed., Chapman and Hall Ltd., London, 1960, p. 343. 

8. Waterman, H. E., and A. .To Tulleners, Decomposition of Ethylene by Heating 
Under High Pressures. J. Inst. Pet. Tech., V. 17, 1931, p. 506. 

9. Hurd, C. D. and R. N. Meinert, The Pyrolysis of Propylene. J. Am. &em. SOC., 
v. 52, 1930, p. 4978. 

10. Anderson, J. E. ,  and L. K. Case, An Analytical Approach to Plasma Torch Chemistry. 
Ind. and Eng. Chem., Process Design and Development, V. 1, No. 3, 1962, p. 161. 

’\ 

h 



rn 
I- 

I 

204 



i 

*' 

L 

? 

4 

cr 8 8 8 8 "  
ISd '3SIM 3MllSS3Md 

V 

I 

m 
Q 

. $  
d 

N 



I 

0 

N-  

P -  

C rn 

v) m r 

D 

-I 

a 
3 
0 -  

v) m -  

0 

5 m- 
m 

- 

,5 0- 

- 
N -  

L -  

N P 

w m W N N 
P I u  P m N m N  0 m 

I I I I I I I I 

c c 

- 

o - 

1 

I 

1 
I 

t 


